The interaction of lumazine (LMZ) with dsDNA was investigated with differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) by using disposable carbon nanotubes-modified pencil graphite electrode (CNTs-PGE). The passive adsorption process was used to modify the electrode surface by CNTs and then dsDNA was immobilized onto the modified PGEs. The performance of CNT-PGEs was studied by examining the optimum analytical conditions with DPV and then impedance method was performed to characterize the modification of CNTs onto the electrode surface.
. INTRODUCTION
The usage of nucleic acid layers combined with electrochemical or optical transducers produce a new kind of affinity biosensors for the detection of molecular interactions between double stranded DNA (dsDNA) and the target pollutants or drugs for screening of these compounds [1] [2] [3] [4] . As a result of these applications, there has been a growing interest in the usage of these biosensors in the electrochemical investigation of interactions between anticancer drugs and DNA [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] by using the advantages of electrochemical methods such as rapid, simple and low-cost point-of-care detection. For the electrochemical detection of the interactions between drug and DNA, the changes at oxidation peak current of the drug or the electroactive DNA bases were observed. In the study of Karadeniz et al. [6] the electrochemical detection of the interaction between mitomycin C (MC) and double-stranded DNA (dsDNA) in microemulsion phase was performed by using differential pulse voltammetry (DPV) in combination with a disposable sensor, pencil graphite electrode (PGE). Wang et al. [7] have shown the interaction of anthracycline antibiotic and antitumor drug daunomycin (DM) with dsDNA studied in solution and at the electrode surface by means of cyclic voltammetry and particularly by consantcurrent chronopotentiometric stripping analysis (CPSA) with carbon paste electrodes (CPE). Brett et al. [10] reported a procedure for the determination of the interaction between anthraquinone drug, mitoxantrone (MTX) and dsDNA or ssDNA at high concentration levels. The interaction was studied in aqueous medium or on electrode surface by using glassy carbon electrode (GCE) in connection with using square-wave voltammetry (SWV) and differential pulse voltammetry (DPV). Ribeiro et al. [12] described a voltammetric method based on the ion transfer at a water/oil interface for the electrochemical study of the interaction between high molecular weight dsDNA and two molecules of biological interest: the anthracycline drug daunorubicin (DNR) and the neurotransmitter dopamine (DA) using DPV technique. Shervedani et al. [13] reported the immobilization of methotrexate (MTX) anticancer drug onto the graphene surface and its interactions with ctDNA and 4T1 cancer cells by using surface analysis techniques and electrochemical methods. Erdem et al. [14] used the DNA-modified CPE in combination with CV and DPV to investigate the interaction of EPR with dsDNA and ssDNA and observed the changes in the EPR signals caused by the intercalation of EPR into dsDNA.
The discovery of carbon nanotubes (CNTs) has become the subject of intense investigation because of their remarkable properties like electrical, chemical and structural properties [15, 16] . Functionalized CNTs are used in some applications in the field of electroanalytical chemistry, medicinal chemistry, materials science and technology [17, 18] It is known that the CNTs enhance the electron transfer rate of many redox reactions [19] . In sensor technology, there has been an attractive interest for the modification of transducers with CNTs. Because of some advantages such as high surface area, fast heterogeneous electron transfer and long-range electron transfer, the modification of electrodes with CNTs played an important role in DNA sensing [15, [20] [21] [22] [23] [24] [25] .
Modification of carbon electrodes is particularly easy and can be achieved either through physical adsorption of the modifier onto the carbon surface or by covalent attachment of the modifier [26] . Lumazine (pteridine-2,4(1H,3H)-dione) belongs to a group of pteridine compounds which are widespread in biological systems including cells in living bodies. A lumazine derivative, 6,7-dimethyl-8-ribityllumazine, is the biosynthetic precursor of riboflavin (vitamin B2) [27] . Some lumazine derivatives are natural products from the metabolic degradation of pterins [28] . The capability of pterins to act as enzyme cofactors involved in hydroxylation depends on their oxidation/reduction states and on their overall redox chemistry [29] . Study of a wide variety of pterin derivatives including lumazine and xanthopterin showed that the pterins coordinated to metals appear to be good electron sources for metalloenzyme systems that require multielectron redox processes [30] . Lumazine can inhibit the growth of Methanobacterium thermoautotrophicum and Methanococcus voltae [31] , thus being an important antibacterial substance. Many scientists presented the electrochemical behavior of LMZ by using voltammetry [32] [33] [34] [35] .
The aim of this study is to develope single-walled carbon nanotubes (SWCNT) modified disposable graphite electrodes (SWCNT-PGEs) for the electrochemical detection of biomolecular interactions based on the higher signal enhancement in comparison to bare disposable pencil graphite electrodes (PGEs). There have not yet been any reports in the literature for the detection of interaction between LMZ and DNA by using SWCNT modified PGEs. The easy surface modification of disposable graphite electrodes with carbon nanotubes was performed by passive adsorption, and DNA was then immobilized onto the SWCNT-PGEs by hydrogen bond formation between the amine groups of dsDNA and the carboxyl groups of CNTs. The reproducible detection of DNA represents a very attractive approach for the sensitive detection of interaction between LMZ and dsDNA. Voltammetric results were complemented with electrochemical impedance spectroscopy (EIS), that was also used to characterize the successful construction of carbon nanotubes modification onto the surface of PGEs.
RESULTS AND DISCUSSION
The surface morphologies of unmodified PGE and CNT modified PGE were monitored successfully in the previous study of the authors [36] by using scanning electron microscopy (SEM) in various magnitudes. The optimum experimental conditions for SWCNT-PGE in the detection of anticancer drug-DNA interaction, were determined in the study of Erdem et al. [36] . In the study of Erdem et al. [36] Daunorubicin (DNR) was chosen as a target compound that interacts with double stranded DNA by intercalation. The anthracycline moiety of DNR can intercalate between the stacked base pairs of native DNA, and the sugar-3-amino structure of DNR can bind to the major groove of DNA double helix. According to the author's previous study [36] , 3000 µg/mL was used as an optimum SWCNT concentration and 1 h SWCNT immobilization time for unpretreated PGE.
The optimum DNA concentration for the SWCNT-PGE was used as 50 µg/mL similarly to the earlier study [36] . The average guanine oxidation signal (about 1.015 V) was measured for 50 µg/mL fish sperm DNA (fsDNA) 2710 ± 312 nA and 5896 ± 348 nA for bare and SWCNT modified PGE, respectively (Figure 1) . However, more reproducible results with a signal enhancement of 117 % was obtained with SWCNT modified PGE in comparison to bare PGE (Fig. 1B) . This increase at the DNA signal for SWCNT-PGE is similar to the result observed at the study Erdem et al. [36] and Yang et al. [37] . The effect of changes at LMZ concentration on the electrode response before and after interaction was studied (Figure 2A and 2B ) by using bare and SWCNT modified PGE during the interaction between 50 µg/mL fsDNA and LMZ in different concentrations such as 2 and 5 µg/mL. At both electrodes, there was no LMZ oxidation signal before and after the interaction and the oxidation signal of guanine decreased gradually while the LMZ concentration was 2 µg/mL, and then it levelled off. For the interaction between 50 µg/mL fsDNA and 2 µg/mL LMZ, the average guanine oxidation signal was measured 3216 ± 220 nA and 5128 ± 420 nA for bare and SWCNT modified PGE, respectively, which means there have been 1.8 % and 14.9 % decrease at the guanine oxidation signal after interaction for bare and SWCNT modified PGE, respectively. This decrease at the response obtained using SWCNT modified electrode is similar to the result observed at the study of Karadeniz et al. [6] . Then, the effect of interaction time of 2 µg/mL LMZ with 50 µg/mL DNA was studied by using SWCNT-PGE such as, 5, 15 and 30 min (Figure 3) . The highest decrease at the guanine oxidation signal was measured at 30 min interaction time and then it was levelled off (not shown). The average guanine oxidation signal was measured 5998 ± 805 nA before interaction, and for the 30 min interaction time it was measured 5197 ± 490 nA, which means there has been 14.7 % decrease at the guanine oxidation signal after interaction for SWCNT-PGE. Finally, the voltammetric results for the interaction study were also complemented with the ones investigated by electrochemical impedance spectroscopy (EIS), for the characterization of the successful construction of carbon nanotubes modification onto the surface of PGE. For this purpose, the 50 µg/mL fsDNA and 2 and 5 µg/mL LMZ concentrations were used for interaction study by using EIS (Figure 4 ). The average Rct value was measured 8 ± 3 Ω for bare PGE (not shown), after the modification of the PGE surface with SWCNT, the average Rct value was calculated as 49 ± 13 Ω, which is six times larger than the one obtained by bare PGE. The change of the Rct value after modification was a strong proof that CNT had been immobilized on the PGE surface. After 50 µg/mL fsDNA immobilization the Rct value increased to 450 ± 20 Ω, because, the negatively charged phosphate backbone of double stranded DNA prevented redox couple, [Fe(CN)6] 3-/4-from reaching the electrode surface. These results clearly presented that the modification of carbon nanotubes onto the graphite surface improved the immobilization capacity of dsDNA. Similar to the voltammetric studies, after the interaction of LMZ with DNA, the Rct values were decreased to 334 ± 31 ve 378 ± 67 Ω for 2 and 5 µg/mL LMZ concentrations, which means there has been 24.8 % decrease at the Rct value for 2 µg/mL LMZ. This decrease observed at the Rct value may possibly indicate that there was a specific interaction of LMZ with DNA assembled on SWCNTs by the intercalation [11, 38] . SWCNT modified PGE, (b) 50 µg/mL dsDNA immobilized CNT-PGE, after 30 min interaction of (c) 2 and (d) 5 µg/mL LMZ with dsDNA at the surface of SWCNT-PGE (n=3). Inset is the equivalent circuit model used to fit the impedance data, the parameters of which are: Rs is the solution resistance, the constant phase element Cd is related to the space charge capacitance at the DNA/electrolyte interface; Rct represents the charge transfer resistance at the DNA/electrolyte interface; the constant phase element W is the Warburg impedance due to mass transfer to the electrode surface.
CONCLUSION
In this study, the reproducible and sensitive electrochemical detection of biomolecular interaction between LMZ and dsDNA by the advantages of SWCNTs modified PGE resulting with an enhancement at the guanine signal. There was not any report in the literature for electrochemical investigation of interaction between LMZ and dsDNA using CNT modified electrodes. Voltammetric results were consistent with the ones of electrochemical impedance spectroscopy. DPV and EIS results showed that DNA could be immobilized onto the surface of SWCNTs modified electrodes and after the interaction between LMZ and dsDNA, the signals were decreased.
Disposable CNT modified PGEs bring some important advantages to our assay including easy use, cost effectiveness and giving a response in a shorter time comparison to earlier studies performed by unmodified PGE [38] and carbon paste electrode [7] applied for electrochemical monitoring of drug-DNA interactions.
As a conclusion, the improved sensitivity of these disposable electrodes has a great importance for further development of carbon nanotube based electrochemical sensors, that may also be used for monitoring of different biomolecular interactions.
MATERIALS AND METHODS

Apparatus
All voltammetric measurements were performed by using AUTOLAB -PGSTAT 302 (Eco Chemie, The Netherlands) with GPES 4.9.007 software. The electrochemical impedance spectroscopy (EIS) measurements were performed by using IVIUM COMPACTSTAT with 1.918 software. The EIS measurements were done in the Faraday cage. The three electrode systems were used in all measurements which was consisted of a platinum wire as the auxiliary electrode, an Ag/AgCl/KCl reference electrode and the pencil graphite electrode (PGE) as the working electrode.
Chemicals
The fish sperm DNA stock solution DNA (dsDNA) was prepared with Tris-EDTA buffer (TE buffer; 10 mM Tris-HCl, 1 mM EDTA, pH 8.00). All the dilute solutions of DNA were prepared with 0.50 M acetate buffer containing 20 mM NaCl (pH 4.80, ABS). The LMZ stock solution was prepared with Tris buffer solution (TBS; 50 mM Tris-HCl, 20 mM NaCl). Single-walled carbon nanotubes (SWCNT) which were carboxylic acid (80 -90%) functionalized (diameter 4 -5 nm; length 500 -1500 nm) was purchased from Aldrich. All the other chemicals were supplied from Sigma and Merck.
Preparation of CNT solution
Carbon nanotubes were suspended in N,N-dimethylformamide (DMF) solution and then sonicated during a hour in the room temperature.
Electrochemical detection procedure
All the experiments were done at least three times, and the average values were presented in the histograms with the error bars. In all measurements, a new PGE was used for the electrochemical detection of drug -DNA interaction process. Each unpreated PGE was immersed into the 110 µL of CNT solution during 1 hour according to the wet-adsorption procedure to form the CNT layer on the PGE surface. Each of the PGEs was rinsed with ABS for 3 times, and then CNT-PGEs were dried for 10 min. The CNT-PGEs were immersed into the dsDNA solution in ABS during 1 hour. Then, each of the PGEs was rinsed with ABS for 3 times in order to remove unbound DNAs. DNA immobilized CNT modified PGEs (DNA-CNT-PGE) were immersed into the 110 µL LMZ solution which was prepared in TBS. After 30 minutes, each PGEs was rinsed with TBS for 3 times. After the interaction process at the electrode surface, the DPV measurements was done in ABS. The measurement conditions were; scanning from +0.20 to +1.45 V with 50 mV pulse amplitude, and 30 mV/s scan rate.
Impedance Measurements
The EIS measurements were performed in of 2.5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) solution which was prepared in 0.1 M KCl. The frequency range of impedance measurements was from 100 kHz to 100 mHz by applying + 0.23 V versus Ag/AgCl (sat. KCl), with a sinusoidal signal of 10 mV. The frequency range were divided into 98 logarithmically collateral measure points. The charge-transfer resistance (Rct) values which
